Abstract Field data on drainage basin response have a characteristic scale which is determined by the size of the basin investigated. As a rule, information obtained at one particular scale can be extrapolated over a limited scale range only. This study identifies the nature of constraints on spatial scale transference in a series of semiarid badland drainage basins ranging in area from < 1 to 202 260 m 2 . Research focussed on the rainfall-runoff relationship during a single rainstorm so that the temporal scale was kept constant. Spatial scale transference between systems of differing scale was restricted by morphological and functional constraints. Morphological constraints are caused by morphological elements present in large scale systems but absent in small scale ones. Functional constraints arise solely from the characteristics of the matter and energy flows in the systems of interest. Limits imposed upon spatial scale transferences by morphological and functional constraints are fuzzy rather than sharp in character. 
INTRODUCTION
In hydrology, every set of field data has a characteristic spatial and temporal scale which is determined by the size of the area concerned and the length of the period of observation. The problem of transferring information obtained at a certain scale to a hydrological system of a different scale, hereinafter referred
Open for discussion until I April 1993 to as scale transference, has been identified and addressed by a number of authors (e.g. Pilgrim et al., 1982; Pilgrim, 1983; Klemes, 1983; National Research Council, 1991) . Such problems arise because a change in scale does not merely involve changes in the spatial and temporal dimensions and in the number of components of a system, but instead results in new variables, new relationships, and as a rule leads to the identification of new problems (Haggett et ah, 1965) .
Of key interest in scale research in hydrology is the range of scales over which scale transference may take place. Within this range, transference would not necessitate extensive revision of the concepts and models involved since systems behave in a similar manner. Identifying the limits or thresholds across which spatial scale transference cannot take place without extensive revision, and investigating the nature of constraints on scale transference, should form an important part of scale research.
The objective of this study was to identify and characterize the constraints on spatial scale transference in a series of semiarid badland basins drained by ephemeral streams. Badlands have special advantages for this type of study. Even at the smallest scale, drainage basins are readily defined. Furthermore, the lack of a soil and vegetation cover facilitates detailed investigation of, for example, the relationship between rainfall, lithology and basin response at all levels of scale.
This study uses two variables to characterize basin response to rainfall: first, the total rainfall needed to generate runoff from the basin, as an index of infiltration and transmission losses prior to the start of runoff; and second, the runoff coefficient, calculated as the total runoff divided by the total rainfall and expressed as a percentage, as an index of infiltration and transmission losses prior to and during runoff from the basin. Both variables are affected by rainfall depth, duration and intensity in addition to basin characteristics, and for this reason are used here as a relative measure to compare the response of different basins to similar rainfall events.
DESCRIPTION OF THE STUDY AREA
The research basins are located in the Dinosaur Provincial Park badlands of southeastern Alberta, Canada. Detailed accounts of the landforms, geology and climate of the area have been given elsewhere (e.g. Bryan & Campbell, 1986; Hodges & Bryan, 1982) . In brief, badland development is for the most part associated with the highly erodible Upper Cretaceous Judith River Formation which consists of a variety of often highly montmorillonitic shales, muddy sandstones and coarse channel sandstones, interspersed with thin coal seams and resistant ironstone bands. In addition, alluvium and aeolian sands and silts are present. The climate in the region is semiarid, with a mean annual precipitation of 300 to 360 mm, of which approximately 30% falls as snow. Hodges & Bryan (1982) distinguished two kinds of tunnel systems in the area. Microtunnels occur in the shales owing to the swelling and shrinking of the montmorillonite-rich material. Runoff in the microtunnels is derived from the shales, and alternates between rills and the shallow microtunnels on its way down slope. The second kind of tunnel system consists of deep tunnels. These are not exclusively associated with the shales and may penetrate several metres below the surface. The deep tunnels are fully integrated into the drainage network and may transfer runoff generated on sandstones and pediments.
Earlier research indicated that a partial area model of runoff generation applies to the Dinosaur Provincial Park badlands (Bryan & Campbell, 1980) . Location of the partial areas is controlled by surface unit characteristics rather than by topography and soil moisture distribution as in humid regions. Four major surface units can be distinguished in the badlands: sandstones, shales, pediments and vegetated surfaces, of which the first three typically produce runoff. Note that the terms "sandstones" and "shales" are not used in their strict lithological sense, but instead distinguish surface units with a characteristic response to rainfall.
FIELD STUDY DESIGN
The field study was carried out at three scale levels: (a) the microscale of experimental plots with an area of < 1 m respectively. The basins were nested, so that each mesoscale basin contained one sub-basin which, in turn, contained a number of microscale basins. The terms microscale, sub-basin scale and mesoscale follow usage by De Boer & Campbell (1989) , and are utilized for brevity and clarity of reference. Their application in this paper is therefore strictly limited to the ranges of basin area indicated herein.
The time scale of interest was that relevant to basin response to a single rainstorm. The time scale was kept constant for all three spatial scale levels to avoid confusion arising from the interaction of temporal and spatial scales (Graf, 1988; De Boer, 1992) .
BASIN DESCRIPTIONS
Microscale plots consisted entirely of one of the three major runoff-producing surface units (sandstones, shales and pediments) ( Table 1) . Pediment plots were classified on the basis of bedrock type (sandstone or shale), and the thickness of the sheet wash-derived fine sands and silts was measured. On plots BRI and BR2 the maximum thickness of sheet wash deposits was only 1 to 2 mm, where- as on the remaining pediment plots the sediment thickness reached up to 10 mm. Sub-basins A and B have a similar topography. Gently sloping pediments, located at the mouths of each basin, account for a considerable portion, more than 40%, of the basin surface area ( Table 2 ). The upper part of both basins is formed by steep slopes of sandstones and shales. Sub-basin A has a larger percentage of sandstones and shales whereas Sub-basin B has a larger percentage of vegetated surfaces.
More important than differences in proportion of surface units are differences in arrangement of surface units within each basin. In Sub-basin A the upper third of the steep slopes essentially consists of sandstones. The lower two-thirds of the slope, between sandstones and pediment, consists of shales. The arrangement of the shales and sandstones causes runoff generated on the rapidly-yielding sandstone to flow down slope onto the shales. This has resulted in the formation of tunnel erosion features in the shales, which transmit runoff generated on the overlying sandstones. In Sub-basin B the upper third of the steep slopes consists of shales. The remainder of the slope down to the pediment consists of sandstones. Because of the arrangement of the surface units, tunnel ero;.;-in Sub-basin B is limited to microscale features in the shales. Bryan & Campbell (1986) presented a map of the surface units in the mesoscale Rimco and New Basins. The combined percentage of area consisting of sandstones and pediments is about equal in both basins: 43% in the New Basin; 42% in the Rimco Basin (Table 2) . Differences, however, occur in the other surface units. Compared to the New Basin, the Rimco Basin has a higher percentage of vegetated surfaces and a lower percentage of shales.
INSTRUMENTATION AND EXPERIMENTAL PROCEDURES
Rainfall was applied to the microscale plots with a portable rainfall simulator under dry antecedent moisture conditions. Rainfall intensities ranged from 20 to 25 mm fr ! . On sandstone and pediment plots the duration of tests was 60 to 80 min, whereas on shale plots test durations ranged from 110 to 160 min. No rainfall simulations were carried out on the vegetated aeolian surfaces. Infiltration capacities on those surfaces are very high so that vegetated surfaces will not produce runoff, except possibly during prolonged, severe rainstorms (Bryan & Campbell, 1986) .
Discharge from Sub-basin A was measured by manually collecting the total discharge over a known period of time and measuring its volume. Discharge from Sub-basin B was calculated from a continuous record of stage and a stage/discharge curve obtained under controlled conditions. Rainfall data for Sub-basin B were collected with a recording raingauge located just north of the basin. Difficult terrain conditions during rainstorms frequently prevented direct observation of the sub-basins during runoff events. For this reason, runoff data for Sub-basin A are available for only five storms. The automated instrumentation of Sub-basin B, however, provided ample runoff data.
Details of the instrumentation of the mesoscale Rimco and New Basins and maps showing the locations of instruments were presented by De Boer & Campbell (1989 , 1990 .
RESULTS

Microscale
Results from the rainfall simulations were consistent with earlier data (e.g. Bryan & Campbell, 1980) . The sandstone surfaces showed a rapid response to rainfall. Thresholds of runoff generation (mm of rainfall to generate runoff) ranged from 0.7 to 2.3 mm (Table 1 , plots BR5-BR8). On the pediments, runoff generation was equally rapid. Thresholds of runoff generation on the pediments depended on the underlying bedrock and on the presence and thickness of the sheet wash-derived deposits of fine sand and silt. Runoff occurred after 1.7 to 4.2 mm of rainfall on shale pediments (plots AR1-AR2), after 0.6 to 0.9 mm on sandstone pediments with negligible sediment accumulation (plots BR1-BR2), and after 3.0 and 3.5 mm of rainfall on pediments with a sheet wash deposit up to 10 mm thick (plots BR3-BR4). On the shales, runoff generation occurred only after considerable rainfall (11.0 to 24.9 mm, plots BR9-BR12). Runoff predominantly occurred as rill flow on the sandstones, as rill flow and microtunnel flow on the shales, and as a combination of sheet flow and braided flow on the pediments.
On the basis of threshold of runoff generation, the surface units could be divided into two groups, one showing a high (shales) and the other showing a low (pediments, sandstones) initial infiltration loss. The same pattern emerged from an evaluation of the runoff coefficients, which were lowest on the shales (20 to 31%), and variable but considerably higher on the pediments and sandstones (Table 1) . It should be noted that the runoff coefficients of the shales are inflated because the test duration and the total rainfall on the shales were twice those on the other plots. The contrast between the two groups of surface units will therefore be greater than the runoff coefficients in Table 1 suggest. antecedent precipitation index (API) for each storm, and indicates whether or not runoff from the basin occurred. The API is an index of the wetness of a basin prior to a rainstorm, and is calculated as API, = API Q k 1 where API 0 is the initial value of the API; API, the reduced value after a period of t days; and k a recession factor (Linsley et al., 1982) . To reflect the high évapotrans-piration rates due to the usually high winds and temperatures in Dinosaur Provincial Park, the recession factor k was given a value of 0.8, indicating a rapid drying of the basin. It is worth noting that the conclusions of this study do not depend on the choice of a specific value of k.
Sub-basin scale
Runoff coefficients for Sub-basin B varied considerably, ranging from < 1 to >43% (Table 3) . During a number of runoff events, discharge exceeded the maximum discharge that could be measured reliably, and the total discharges and runoff coefficients for these events are a minimum estimate.
Although runoff coefficients are not available for Sub-basin A, the low discharges indicated that runoff coefficients in this basin would be significantly lower than in Sub-basin B. The difference in response between Subbasins A and B was found even during low intensity, long duration frontal storms, when differences in total rainfall between the two basins were negligible. Figure 2 provides a plot of average total rainfall against the API for each storm, and indicates whether or not runoff from the basins occurred. Runoff coefficients of the mesoscale basins ranged from 2 to > 36% (Table 4) . Some of the total discharges and runoff coefficients in Table 4 are minimum estimates because of missing discharge data during the early stages of runoff. 
DISCUSSION
Thresholds of runoff generation and thresholds of flow
To distinguish between the rainfall necessary to generate runoff on a surface unit and the rainfall necessary to cause runoff from a basin, the use of "threshold of runoff generation" will be restricted to the former whereas "threshold of flow" will refer to the latter. The threshold of flow may exceed the threshold of runoff generation since runoff generation on the surface units within a drainage basin may not lead to basin outflow because of transmission losses. At the microscale, thresholds of flow equalled the thresholds of runoff generation and were controlled by surface unit characteristics (Table 1) . At the sub-basin scale, flows from Sub-basin B occurred during rainfalls larger than 1.5 to 2 mm (Fig. 1) . The magnitude of this threshold implies that flow from Sub-basin B started when runoff was generated on sandstones and portions of the pediment. The data shown in Fig. 1 suggest that threshold of flow of Subbasin B was not sensitive to the API. The explanation for this is that runoff generation on pediments and sandstones is controlled by conditions in the upper few millimetres of material, which dry rapidly and hence are dry most of the time. In addition, there are no significant accumulations of alluvial deposits, causing transmission losses to be minimal even under dry conditions.
A similar analysis at the mesoscale shows that at low values of the API, rainfalls larger than 1.5 to 2 mm may be necessary to generate flow from the basins (Fig. 2) . This is interpreted as indicating that the threshold of flow depends on the API, which can be explained by the larger volume of alluvial deposits in the mesoscale channels. Under dry conditions, infiltration into those deposits augments transmission losses in larger scale basins. Under wet conditions, transmission losses are greatly reduced, and the mesoscale threshold of flow equals that at the sub-basin scale and the microscale thresholds of runoff generation on sandstones and rapidly-yielding portions of the pediment.
The scatter around the threshold of flow curve in Fig. 2 indicates that, for a certain narrow range of total rainfalls and APIs, the occurrence of runoff is not solely controlled by these two variables. Instead, within this range thresholds of flow are very sensitive to other factors such as spatial variability of total rainfall. The expected increase in the variability of total rainfall at larger scales would result in a greater scatter of the data points around the threshold of flow curve, as is confirmed by a comparison of Figs 1 and 2.
Runoff coefficients
On microscale shale plots, runoff started only after at least 30 min of rainfall at intensities ranging from 20 to 25 mm h" 1 . Hence, runoff coefficients of shale plots will be 0% for short duration storms. In contrast, on pediment and sandstone plots, runoff started after 1.5 to 12 min of rainfall of similar intensity, and runoff coefficients ranged from 31 to 88% for tests with a duration of 60 to 80 min. Owing to the rapid response to rainfall, runoff coefficients for short storms will be of the same order of magnitude. Since microscale plots consisted entirely of shale, sandstone or pediment, the effect of any single surface unit on the runoff coefficient was pronounced and runoff coefficients differed greatly.
At the next larger scale, discharges (and hence runoff coefficients) were significantly lower in Sub-basin A than in Sub-basin B. The differences in discharge were considerably larger than could be explained by differences in basin area and in percentages of surface units (Table 2 ) between the two basins. One factor responsible for the differences in discharge is the dissimilar character of the pediment in these two basins: in Sub-basin A, a large portion of the pediment is underlain by shale; in Sub-basin B, the entire pediment is underlain by sandstone. An additional factor is the difference in thickness of sheet wash-derived deposits on the pediment, affecting infiltration and transmission losses: in Sub-basin A, thicknesses up to 35 mm were observed; in Sub-basin B, the maximum thickness was only 10 mm. Furthermore, an important distinction between Sub-basins A and B is the relative position of the shales and the sandstones. The resulting deep tunnel systems in the drainage network of Sub-basin A lead to increased transmission losses owing to cracks in the shale bedrock through which the tunnels pass, and hence limit runoff coefficients.
The effect of surface units on runoff coefficients was also found at the mesoscale. Figure 3 shows the ratio of the runoff coefficients of the Rimco Basin and the New Basin plotted against total average rainfall. For those events for which the runoff coefficient is a minimum estimate, it has been assumed that the true value of the runoff coefficient has been underestimated by the same percentage for both basins, so that the ratio of the true runoff coefficients is equal to that of the minimum estimates. Figure 3 indicates that with increasing total average rainfall, the runoff coefficient of the New Basin increased more rapidly than that of the Rimco Basin. This can be explained by the higher percentage of vegetated surfaces in the Rimco Basin (Table 2) . Vegetated surfaces, which yield no runoff, will limit the runoff coefficient to a greater extent in the Rimco Basin than in the New Basin. This effect will be most pronounced under conditions of high total rainfall when all surface units but the vegetated ones will produce runoff.
For five runoff events the ratio of the runoff coefficients of the two basins was greater than one, indicating a higher runoff coefficient for the Rimco Basin than for the New basin. Rainfall data show that this was most likely caused by the high variability of rainfall during convectional storms. Two major factors should be considered in evaluating the effect of spatial scale on runoff coefficients: the first is transmission losses which increase with scale owing to increasing stream length and volume of alluvial deposits; the second, the percentages and distribution of the surface units.
Regarding the first factor, field observations of the channel beds indicated a considerably larger volume of alluvial deposits in the mesoscale basins than in the sub-basins. Combined with their larger stream length this results in higher transmission losses and lower runoff coefficients in the mesoscale basins, especially under conditions of a low API when the alluvial deposits will be dry. A per-storm comparison of the runoff coefficients of Subbasin B (Table 3 ) and the mesoscale basins (Table 4) for storms for which the runoff coefficient is not a minimum estimate indicated that runoff coefficients were indeed significantly higher (P <g 0.01) in Sub-basin B than in the Rimco Basin and the New Basin. Storms for which the runoff coefficient is a minimum estimate showed the same result since differences between the minimum estimates for Sub-basin B and the mesoscale basins were too large to be caused by missing values on the rising stage of the hydrographs of the mesoscale basins. A comparison of Tables 3 and 4 also shows that, owing to transmission losses, on numerous occasions runoff from Sub-basin B was not associated with runoff from the mesoscale basins.
Regarding the second factor, the percentages and distribution of surface units have a highly variable effect on differences in runoff coefficients when basins of differing scale are compared. At the microscale, runoff coefficients varied greatly: from 0 to 80% for short storms. With increasing basin scale, it becomes more likely that the percentage and distribution of surface units in a basin approach that of the general area. Thus, larger scale basins can be
expected to display a smaller range of runoff coefficients than smaller scale basins. The upper limit of the influence of the surface units on basin response, assuming it exists, was not reached in the basins studied. At the sub-basin scale, and even at the mesoscale, differences in basin response could be explained by differences in percentages and distribution of the surface units.
Regarding the balance between the two factors, a comparison of Subbasin B and the mesoscale basins showed that the effect of the higher percentage of rapidly responding surface units in Sub-basin B added to that of the lower transmission losses. Nevertheless, the effect of surface units may completely overshadow that of transmission losses when basins of dissimilar scale are compared. For instance, discharges and therefore runoff coefficients in Sub-basin A were considerably lower than in Sub-basin B and comparable in magnitude to, or even smaller than, those of the mesoscale basins, solely owing to the percentages and distribution of its surface units. The dominance of surface unit percentages and distribution over transmission losses in controlling basin response reflects the range of spatial scales (< 1-202 260 nr) investigated here. Studies reporting a decrease in runoff coefficients with increasing basin area are all concerned with much larger basins in which the larger volume of alluvial deposits considerably increases transmission losses (e.g. Pilgrim etal., 1982) .
CONCLUSIONS
The following points summarize the effects of spatial scale on the rainfallrunoff relationships in a series of semiarid badland basins drained by ephemeral streams. (a) Basins of similar scale, especially at smaller scales, may have widely differing rainfall-runoff relationships owing to differences in the distribution and percentages of surface units. As an example, the runoff coefficients and thresholds of runoff generation of microscale plots vary greatly between surface units. Even at the mesoscale, differences in runoff coefficients can be attributed to differences in percentages of surface units. (b) A comparison of basins of dissimilar scale shows that basin response at all scales is dominated by the effect of differing distributions and percentages of surface units. The effect of the surface units does not vary in a simple manner with spatial scale and, as a consequence, neither does the rainfall-runoff relationship over the range of spatial scales examined in this study. (c) The response of basins of differing scales may be similar in some aspects, but dissimilar in others. Hence, certain aspects of basin response can be investigated at smaller scales whereas other aspects can only be investigated at the scale of the basin of interest. For example, under wet conditions, the mesoscale threshold of flow equals the microscale thres-holds of runoff generation on the sandstones and pediments, and can therefore be derived from microscale experiments. Under dry conditions, however, transmission losses increase the threshold of flow for the mesoscale basins, but do not noticeably affect thresholds of runoff generation at the microscale. Thus, in the latter case, the mesoscale threshold of flow cannot be examined at the microscale. The constraint on spatial scale transference referred to in the last point is imposed by the presence of alluvial deposits in the mesoscale channels, and can be termed a "morphological constraint" since it is caused by a morphological element (i.e. channel deposits) which are present in larger scale systems but absent at smaller scales. Pilgrim (1983) gives an example of a comparable situation in which alluvium present along gently sloping downstream channel reaches affects baseflow characteristics and impedes transferring results between large and small drainage basins. A similar example concerning a slightly different aspect of basin response was given by De Boer & Campbell (1989) who found that certain aspects of mesoscale sediment dynamics could not be derived from microscale experiments owing to the presence of morphological elements (in this case deep tunnel systems) at the mesoscale but not at the microscale.
Although in this study only morphological constraints were found, it should be noted that not all constraints on spatial scale transference are morphological. An example is provided by the routing of flood waves down a river channel. Temporary storage within the channel causes a downstream attenuation of the hydrograph (e.g. Linsley et al., 1982) . A model of basin response for a large basin would have to incorporate the effect of flood wave attenuation, whereas for a small basin it can be ignored. Thus, there is also a type of constraint on spatial scale transference which arises solely from the characteristics of the matter and energy flows in the system of interest. Such a constraint can be termed a "functional constraint". The distinction between morphological and functional constraints on spatial scale transference parallels that between morphological and cascading systems (Chorley & Kennedy, 1971 ).
An intrinsic property of the limits imposed upon spatial scale transference by morphological and functional constraints is that they are fuzzy rather than sharp in character. The fuzziness is illustrated by the inverse relationship between spatial scale and the effect of individual surface units and their distribution on basin response to rainfall. Since microscale plots may consist entirely of shale, sandstone or pediment, the effect of any single surface unit on the runoff coefficient will be largest at the microscale. With increasing basin size it becomes more and more likely that the percentage and distribution of the surface units in the basin approach those of the whole area. Hence, the influence of a specific surface unit or distribution will decrease and basin response is less likely to deviate from the average. Thus, a sub-basin may or may not be representative of a mesoscale basin, depending on the sub-basin's percentages of surface units and their arrangement. A microscale basin, however, can never be representative of a mesoscale basin because runoff coefficients at the microscale are dominated by a single surface unit, whereas at the mesoscale this is never the case.
Transference between two widely differing scales may thus not be possible, whereas transference over a limited scale range may succeed, depending on the compatibility of the characteristics of the systems between which transference is attempted. The transference of knowledge between systems of dissimilar scale hence becomes less straightforward as the difference in scale increases, so the more two geomorphic systems differ in spatial scale, the smaller the amount of information which can be extrapolated from the one to the other.
